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A b s t r a c t .  We are c o n s t r u c t i n g  an appara tus  
which should be  a b l e  t o  measure b a s e l i n e s  up t o  
50 km long w i t h  a f r a c t i o n a l  u n c e r t a i n t y  of  about  
5 x The instrument w i l l  measure both  t h e  
o p t i c a l  l e n g t h  and t h e  r e q u i r e d  c o r r e c t i o n  due 
t o  t h e  r e f r a c t i v i t y  of t h e  atmosphere u s i n g  
t h r e e  wavelengths t r a n s m i t t e d  i n  one d i r e c t i o n  
over  t h e  p a t h  t o  a n  a c t i v e  r e c e i v e r .  The t h r e e  
wavelengths are 632.8 nm, 441.6 nm and 3 . 7  cm. 
The two endpoint  ins t ruments  are synchronized 
u s i n g  s u b s i d i a r y  r e t u r n  t r a n s m i s s i o n s  a t  632.8 
nm and a n o t h e r  te lemet ry  s i g n a l .  The one-way 
n a t u r e  of t h e  system a l lows  an i n c r e a s e  i n  range 
over  e x i s t i n g  round- t r ip  systems.  

Geodet ic  measurements have important  b e a r i n g  
on many areas of tec tonophys ics  such as p l a t e  
t e c t o n i c s  and ear thquake  processes .  
l a r  p r e c i s e  g e o d e t i c  measurements are needed t o  
understand how s t r a i n  f i e l d s  n e a r  p l a t e  bounda- 
ries change w i t h  t i m e  and why t h e r e  are stresses 
i n  t h e  i n t e r i o r s  o f  p l a t e s  l a r g e  enough t o  cause  
i s o l a t e d  zones of s e i s m i c i t y .  

These q u e s t i o n s  are be ing  addressed us ing  
f i x e d  geophys ica l  ins t ruments  and p o r t a b l e  
ins t ruments .  
used f o r  a l l  g e o d e t i c  measurements, there may 
be  some advantage t o  c o n s i d e r i n g  d i f f e r e n t  tech-  
n iques  f o r  t h e  p o r t a b l e  and f i x e d  measurement 
programs. 

I n  t h e  c a s e  o f  a permanent observa tory ,  
weight  and s i z e  are  second o r d e r  c o n s i d e r a t i o n s ,  
and emphasis should b e  p laced  on accuracy and 
s e n s i t i v i t y .  

Berger  and Levine (1974) have es t imated  t h e  
power spectrum of  t h e  random f l u c t u a t i o n s  i n  
s t r a i n  over  a wide frequency range.  They con- 
c luded t h a t  t h e  power spectrum is  i n v e r s e l y  pro- 
p o r t i o n a l  t o  t h e  s q u a r e  of t h e  frequency,  and 
t h a t  t h e  power a t  1 Hz i s  approximately 8 x 

I n  p a r t i c u -  

Although one instrument  might be  
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The impor tan t  p o i n t  i s  t h a t  they  used two 

very  d i f f e r e n t  i n s t r u m e n t s  l o c a t e d  2000 km a p a r t  
i n  v e r y  d i f f e r e n t  geologies .  
e s s e n t i a l l y  i d e n t i c a l  i n  s p i t e  of t h e s e  d i f f e r -  
ences .  T h i s  sugges ts  t h a t  b o t h  ins t ruments  a r e  
l i m i t e d  by t h e  same processes  w i t h i n  t h e  e a r t h  
and t h a t  t h e i r  power s p e c t r a  r e p r e s e n t  a lower 
bound t o  what might be  obta ined  u s i n g  o t h e r  tech-  
n i q u e s .  

T h e i r  r e s u l t s  do n o t  suppor t  t h e  widely-held 
b e l i e f s  tha t  i n s t a l l a t i o n s  i n  m i n e s  o r  t u n n e l s  
p r e s e n t  i n s u p e r a b l e  problems and t h a t  long  (800 
meter)  b a s e l i n e s  are a priori  b e t t e r  t h a n  s h o r t e r  
(30 meter)  ones. The i n s t r u m e n t s  appear  t o  be  
l i m i t e d  by p i e r  t i l t ,  l o c a l  e f f e c t s ,  and ,  pos- 
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s i b l y ,  by d r i f t  i n  t h e  wavelength s t a b i l i z e r .  
These are c o r r e c t a b l e ,  a t  least i n  p r i n c i p l e ,  s o  
t h a t  i t  i s  n o t  unreasonable  t o  expect  t h a t  a 
c a r e f u l l y  designed ins t rument  o f  moderate l e n g t h  
(of o r d e r  100 meters )  could be  i n s t a l l e d  a meter 
o r  two below ground l e v e l ,  and t h a t  such a n  in-  
s t rument  would b e  l i m i t e d  by e a r t h  n o i s e  f o r  
per iods  s h o r t e r  than  a few y e a r s .  Furthermore, 
readout  schemes are p o s s i b l e  which would o b v i a t e  
t h e  need t o  o p e r a t e  t h e  ins t rument  cont inuous ly .  

A strainmeter of  t h i s  t y p e  would have only 
two weaknesses. F i r s t ,  i t  would be i m p r a c t i c a l  
t o  move t o  a new s i t e  s i n c e  a s i g n i f i c a n t  f r a c -  
t i o n  of t h e  c o s t  of  t h e  system comes from s i t e  
p r e p a r a t i o n  and i n s t a l l a t i o n .  Second, i t  might 
be  inf luenced  by l o c a l  e f f e c t s  such as t i l t i n g  
of t h e  p i e r s  o r  s h e a r s  w i t h i n  t h e  ground i n  t h e  
immediate v i c i n i t y  of  t h e  p i e r s .  

These l o c a l  e f f e c t s  were n o t  a problem i n  t h e  
Poorman Mine because i t  w a s  a hard-rock s i t e  f a r  
below ground l e v e l ,  b u t  i t  i s  p o s s i b l e  t h a t  t h e y  
w i l l  be  t h e  dominant problem a t  s u r f a c e  ( o r  n e a r  
s u r f a c e )  s i tes  even i f  t h e  mater ia l  appears  t o  
b e  competent. 

a t  t h e  Pilion F l a t  Observatory.  H e  f i n d s  s i g -  
n i f i c a n t  c o r r e l a t i o n s  between r a i n f a l l  and 
changes i n  s t r a i n  r a t e  and a n  anomalous s h e a r  
i n  t h e  t o p  few meters of  t h e  ground under  t h e  
p i e r  (Berger ,  1978) .  H e  concludes t h a t  t h e  
only  way t o  d e a l  w i t h  t h i s  problem i s  t o  r e f e r -  
ence t h e  endpoin ts  t o  deeper ,  presumably more 
s t a b l e ,  rock. 

These s o r t s  of  d i f f i c u l t i e s  w i l l  l i m i t  m e a -  
surements  made w i t h  ins t ruments  of  any l e n g t h .  
Anomalous p i e r  motions on t h e  o r d e r  of m i l l i -  
meters r e p r e s e n t  f r a c t i o n a l  changes of p a r t s  i n  
l o 8  even over  50 km b a s e l i n e s ,  s o  t h a t  such ef -  
f e c t s  w i l l  make s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  
e r r o r  budget of any ins t rument  now i n  o p e r a t i o n  
o r  under c o n s t r u c t i o n .  It i s  v e r y  impor tan t  that  
t h e s e  e f f e c t s  be  s t u d i e d  i n  d e t a i l .  It would b e  
e s p e c i a l l y  u s e f u l  t o  compare measurements made 
i n  t h e  same area by i n s t r u m e n t s  u s i n g  v e r y  d i f -  
f e r e n t  l e n g t h  b a s e l i n e s .  

Laser strainmeters are c l e a r l y  u n s u i t a b l e  i f  
t h e  ins t rument  must be  p o r t a b l e .  I n  t h i s  case 
we must u s e  a n  ins t rument  capable  of measuring 
d i s t a n c e s  through t h e  atmosphere. There are 
many i n s t r u m e n t s  which have been designed t o  
perform such measurements ( S l a t e r  and Hugget t ,  
1976).  S i n c e  a l l  such ins t ruments  e f f e c t i v e l y  
measure t h e  t r a n s i t  t i m e  f o r  some e l e c t r o m a g n e t i c  
s i g n a l ,  it is  n e c e s s a r y  t o  know t h e  a c t u a l  speed 
of l i g h t  i n  t h e  atmosphere i n  o r d e r  t o  d e r i v e  t h e  
d i s t a n c e .  

of r e f r a c t i o n  from u n i t y )  o f  t h e  atmosphere i s  
about  3 x f o r  v i s i b l e  wavelengths .  S ince  i t  
i s  d e s i r a b l e  t o  measure d i s t a n c e s  w i t h  a f r a c -  
t i o n a l  u n c e r t a i n t y  of  less t h a n  1 x l o V 7 ,  t h e  
atmospheric  c o r r e c t i o n  i s  v e r y  impor tan t .  The 
r e f r a c t i v i t y  i s  a f u n c t i o n  of a tmospheric  t e m -  
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p e r a t u r e ,  p r e s s u r e  and humidity s o  t h a t  making 
t h e  c o r r e c t i o n s  u s i n g  me teo ro log ica l  d a t a  i s  
cumbersome b u t  p o s s i b l e .  
t h e  atmosphere must be sampled a long  t h e  pa th ,  
u s u a l l y  u s i n g  s e n s o r s  c a r r i e d  by an  a i r p l a n e  
(Savage and P r e s c o t t ,  1973).  

Methods which determine t h e  r e f r a c t i v i t y  of 
t h e  atmosphere by measuring i t s  d i s p e r s i o n  ( i . e . ,  
t h e  appa ren t  d i f f e r e n c e  i n  d i s t a n c e  between mea- 
surements made us ing  d i f f e r e n t  wavelengths) have 
been proposed f o r  some y e a r s  (Bender and Owens, 
1965).  

ample, enab le s  one t o  determine t h e  d ry -a i r  con- 
t r i b u t i o n  t o  t h e  r e f r a c t i v i t y ,  bu t  does n o t  cor-  
rect f o r  t h e  r e f r a c t i v i t y  due t o  water vapor ,  
s i n c e  t h e  r e f r a c t i v i t y  of water vapor i s  almost 
non-dispers ive a c r o s s  t h e  v i s i b l e  spectrum. The 
a d d i t i o n  of a t h i r d  measurement a t  a microwave 
frequency allows n e a r l y  p e r f e c t  de t e rmina t ion  of 
t h e  index except  f o r  a small term which can al-  
most always be determined us ing  temperature  mea- 
surements a t  t h e  endpoints .  An a n a l y s i s  by 
Thayer (1967) of such a three-wavelength system 
sugges t s  t h a t  b a s e l i n e s  up t o  50 km long  could 
b e  measured wi th  f r a c t i o n a l  u n c e r t a i n t i e s  of 
3 x and t h a t  t h e  main l i m i t a t i o n  on t h e  
accuracy o f  such a measurement would come from 
t h e  d i f f e r e n c e  i n  t h e  p a t h s  t r a v e r s e d  by t h e  two 
o p t i c a l  wavelengths due t o  t h e  v e r t i c a l  g r a d i e n t  
i n  t h e  r e f r a c t i v i t y  of t h e  atmosphere. 

In s t rumen t s  which measure t h e  r e f r a c t i v i t y  of 
t h e  atmosphere u s i n g  m u l t i p l e  wavelength methods 
have been desc r ibed  by S l a t e r  and Huggett (1976) 
and by o t h e r s  (Wood, 1971).  The one shortcoming 
o f  t h e s e  in s t rumen t s  i s  t h a t  t hey  can measure 
only r a t h e r  s h o r t  b a s e l i n e s  ( u p t o 1 5 k m ) .  These 

For optimum r e s u l t s  

The u s e  of two o p t i c a l  wavelengths ,  f o r  ex- 

i n s t rumen t s  are l i m i t e d  by sp read ingand  a t t enua -  
t i o n  of t h e  beam i n  t h e  atmosphere and by a n  
i n a b i l i t y  t o  t o t a l l y  d i s t i n g u i s h  between a true 
r e t u r n  s i g n a l  and l i g h t  s c a t t e r e d  backwards from 
t h e  e x i t  o p t i c s  o f  t h e  t r a n s m i t t e r .  

I f  t h e s e  systems are converted t o  one-way 
o p e r a t i o n  by r e p l a c i n g  t h e  r e t r o r e f l e c t o r  by an  
a c t i v e  r e c e i v e r  and a second t r a n s m i t t e r ,  t hen  a 
l a r g e  i n c r e a s e  i n  r e tu rned  s i g n a l  w i l l  r e s u l t .  
The i n c r e a s e  i n  range r e a l i z e d  by conversion t o  
one-way o p e r a t i o n  i s  a t  l eas t  a f a c t o r  of two 
( i f  t h e  s igna l - to -no i se  r a t i o  i s  l i m i t e d  p r i -  
mar i ly  by a t t e n u a t i o n )  and may b e  cons ide rab ly  
more t h a n  t h a t .  

The s i m p l i f i e d  schematic  diagram of such an  
instrument  i s  shown i n  F igu re  1. Ligh t  from t h e  
sou rce  i s  s e n t  through t h e  l o c a l  modulator ,  tra- 
v e r s e s  t h e  p a t h ,  and then  goes through t h e  f a r -  
end modulator b e f o r e  d e t e c t i o n .  
twice modulated t h e  l i g h t  a t  t h e  d e t e c t o r  w i l l  
show v a r i a t i o n  a t  t h e  d i f f e r e n c e  frequency 
f b  = f l -  f 2  ( t h e  o t h e r ,  h i g h e r ,  f requency com- 
ponents are n o t  d e t e c t a b l e ) .  I f  two d i f f e r e n t  
o p t i c a l  wavelengths are s e n t  through t h e  system 
s imul t aneous ly ,  t h e  two s i g n a l s  a t  t h e  f a r  end 
w i l l  show a phase d i f f e r e n c e  p r o p o r t i o n a l  t o  t h e  
r e f r a c t i v i t y  o f  t h e  atmosphere. 
sou rce  sends l i g h t  backwards through t h e  system, 
i t  w i l l  a r r i v e  a t  t h e  o r i g i n a l  end w i t h  a phase 
p r o p o r t i o n a l  t o  t h e  t r a n s i t  t i m e  a long  t h e  p a t h  
and t h e  v a r i o u s  o s c i l l a t o r  o f f s e t s .  I f  a secon- 
dary l i n k  i s  used t o  t r a n s m i t  synchron iz ing  in-  
formation between t h e  two ends t h e n  bo th  t h e  
d i s p e r s i o n  and t h e  d i s t a n c e  may b e  determined. 
This  l i n k  i s  most conven ien t ly  done u s i n g  a 
microwave carr ier ,  i n  which case t h e  phase s h i f t  
of t h e  microwave c a r r i e r  p rov ides  in fo rma t ion  
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Fig. 1. P r i n c i p l e  o f  two-way o p t i c a l  d i s t a n c e  
measurement. Note t h a t  t h e  measured phase de- 
pends only on t h e  frequency of t h e  o s c i l l a t o r  a t  
t h e  end where t h e  measurements are made. 
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about  t h e  c o n t r i b u t i o n  of a tmospheric  water  
vapor t o  t h e  r e f r a c t i v i t y .  

F igure  2 shows a b lock  diagram o f  t h e  complete 
ins t rument .  The d i s p e r s i o n  measurements are made 
u s i n g  441.6 nm, 632.8 nm and 8 .1  GHz.  The red  
(632.8 nm) s i g n a l  i s  s e n t  back a long  t h e  pa th  f o r  
t h e  d i s t a n c e  measurement. 

F igure  3 shows t h e  c a l c u l a t e d  range of  t h e  
ins t rument ,  and compares i t  w i t h  a r e t r o r e f l e c t -  
ing  instrument  u s i n g  s i m i l a r  technology. The 
lower t h r e e  curves  are  f o r  t h e  r e t r o r e f l e c t i n g  
ins t rument  and t h e  upper ones f o r  t h e  two-way 
design.  Both systems are assumed t o  use  5 mW 
lasers w i t h  1% o v e r a l l  d e t e c t i o n  e f f i c i e n c y .  
The range i s  def ined  t o  be  t h e  d i s t a n c e  a t  which 
s h o t  n o i s e  l i m i t a t i o n s  a l l o w  a measurement w i t h  
a n  u n c e r t a i n t y  a t  1 x lo-* i n  10 seconds.  
f e e l  t h a t  an a n g u l a r  beam spread  of  10 a rcsec-  
onds i s  probably r e a l i s t i c  f o r  a t y p i c a l  atmo- 
sphere.  

p r i n c i p l e s  i s  c u r r e n t l y  under c o n s t r u c t i o n .  This  
ins t rument  can b e  e a s i l y  broken down i n t o  p i e c e s ,  
t h e  h e a v i e s t  of  which weighs about  60 kg s o  t h a t  
i t  can b e  assembled by two people  a t  any l o c a t i o n  
a c c e s s i b l e  by a four-wheel d r i v e  v e h i c l e  o r  a 

We 

An ins t rument  designed accord ing  t o  t h e s e  

It is p o s s i b l e  t o  u s e  t h e  p r i n c i p l e s  of t h e  
m u l t i p l e  wavelength system t o  c o n s t r u c t  a t h r e e  
wavelength r e f r a c t o m e t e r .  Such an ins t rument  
would measure t h e  index of r e f r a c t i o n  of t h e  
pa th  b u t  would n o t  measure t h e  d i s t a n c e .  

Although such an ins t rument  would u s e  essen-  
t i a l l y  t h e  same hardware as t h e  distance-mea- 
s u r i n g  ins t rument ,  t h e  e l e c t r o n i c s  are measurably 
s impler  and no r e t u r n  t r a n s m i s s i o n s  a r e  necessary .  

Such an ins t rument  might  prove u s e f u l  as a n  
a d j u n c t  t o  e x i s t i n g  g e o d e t i c  ins t ruments .  

T h i s  work i s  supported i n  p a r t  by NASA Grant 
No. NSG-7344 through t h e  U n i v e r s i t y  of  Colorado. 
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